We applied a semi-mechanistic model of fresh matter accumulation to peach fruit during the stage of rapid mesocarp development. The model, which is based on simple hypotheses of fluid flows into and out of the fruit, assumes that solution flow into the fruit increases with fruit weight and transpiration per unit weight, and decreases with the maximum daily shrinkage of the trunk, which was used as an indicator of water stress. Fruit transpiration was assumed to increase with fruit size and with radiation. Fruit respiration was considered to be related to fruit growth and to temperature. The model simulates variability in growth among fruits according to climatic conditions, degree of water stress and weight of the fruit at the beginning of the simulation. We used data obtained from well-watered and water-stressed trees grown in containers to estimate model parameters and to test the model. There was close agreement between the simulated and measured values. A sensitivity analysis showed that initial fruit weight partly determined the variation in growth among fruits. The analysis also indicated that there was an optimal irradiance for fruit growth and that the effect of high global radiation on growth varied according to the stage of fruit development. Water stress, which was the most important factor influencing fruit growth, rapidly depressed growth, particularly when applied late in the season.
Introduction
Water is the chief constituent, by weight, of most fleshy fruits; hence fruit growth largely depends on the rate of net water accumulation (Hardie and Considine 1976, Li et al. 1989) . Because a large amount of water, along with assimilates, is transported in the phloem sap to the fruit in many species such as grape, apple and tomato (Ho et al. 1987 , Lang and Thorpe 1989 , Lang 1990 ), a detailed understanding of water-related interactions is essential for modeling fleshy fruit growth. However, only a few models simulate water flow into the fruit (Bussières 1994) or the water budget of the fruit (Lee 1990 ). Most models of fleshy fruit growth attempt to simulate dry matter accumulation without considering water flow (Gutierrez et al. 1985 , Harpaz et al. 1990 , Buwalda 1991 . Moreover, most of these models simulate the growth of either total fruit mass or an average fruit, without considering the wide variability in fruit growth within and among trees (Jackson 1966, Génard and Bruchou 1993) .
Water flow into the fruit depends on the water potential difference between the plant and the fruit (e.g., Lee et al. 1989 , Johnson et al. 1992 . Several studies have emphasized the importance of transpiration in fruit water budgets, and Schroeder and Wieland (1956) and Jones and Higgs (1982) concluded that a large proportion of daily fruit shrinkage may be accounted for by transpiration from the fruit. The fraction of water imported into the fruit that is transpired varies among species. This fraction is small in tomato (Johnson et al. 1992 ) and large in peach and yucca (van Die and Willemse 1980, Selles 1988) . If a large fraction of the water transported to the fruit is transpired, it may help to concentrate sugars in the fruit, resulting in a reduction in the osmotic potential of the fruit.
Peach trees are frequently cultivated in dry countries and are often subjected to water stress. Numerous studies have shown that fruit size at harvest is not affected by drought during the early phases of fruit growth, but fruit size decreases when drought occurs during the main period of cell enlargement (Chalmers et al. 1985 , Li et al. 1989 . The carbon budget of peaches has been extensively studied (Dejong and Goudrian 1989 , Dejong and Walton 1989 , Pavel and Dejong 1993 and modeled (Grossman and Dejong 1994) , but relatively little has been published on the components of water balance of the developing fruit. We have developed a semi-mechanistic model of the effect of water stress on peach fruit growth that is based on fluid flows. Comparisons of simulated and observed fruit growth were performed to test the model. The model was used to study the sensivity of fruit growth to: (1) variation in fruit size during the early stages of development; (2) global radiation; and (3) water stress. the endosperm (Stage I), endocarp sclerification (Stage II) and rapid expansion of mesocarp cells (Stage III, Gage and Stutte, 1991) . Stage I determines the cell number and therefore the growth potential, whereas Stage III determines how much of this potential is realized. The model was designed to simulate the growth of individual peach (Prunus persica L. Batsch) fruits during Stage III. The model assumes that trees are optimally fertilized and that carbon acquisition by photosynthesis is sufficient for well-irrigated trees to reach their full potential for fruit growth. A general outline of the model is presented in Figure 1 in the form of a relational diagram of the fruit system. The model is based on simple laws of water and soluble matter transfer. Following an approach similar to that of Lee (1990) , the fruit receives a daily solution flow from the plant (F, g day ) and loses water by transpiration (E, g day ) and carbon by respiration (R, g day
−1
). Thus growth (dw/dt) is expressed as:
We ignored fruit photosynthesis because Pavel and DeJong (1993) showed that it contributes only slightly to the total requirement of the peach fruit for matter (water and carbohydrates) and because chlorophyll in the fruit skin is quickly degraded during Stage III. Water stress was assumed to be proportional to the maximum daily trunk shrinkage (MDS), measured by the micromorphometric method (Huguet 1985, Garnier and Berger 1986) . This method measures diurnal changes in trunk diameter, which closely parallel changes in tree water content (Simonneau et al. 1993) and are functionally related to tree water potential (Chalmers and Wilson 1978) .
Climate, initial fruit size, which is indicative of growth during Stage I, and MDS are the model inputs. The time-step in the model is one day. In the model, a fruit stops growing when losses by transpiration and respiration are equal to the solution flow received from the plant.
Respiration
Maintenance respiration R m (g day −1
) is calculated as a function of fruit dry mass and a Q 10 function of the mean daily temperature:
where W is the fresh weight of the fruit (g), T is temperature (°C), K is the maintenance respiration coefficient, and DMC is the mean dry matter content, assumed to be 15%.
) is computed as a function of absolute growth rate in terms of dry matter:
where G is the growth respiratory coefficient. When x grams of CO 2 are lost, the real matter loss is only αx because the water produced during respiration can be used by the fruit (α = atomic weight of C/molecular weight of CO 2 ). Thus, matter loss is
Transpiration
Water loss per unit area through the fruit skin is computed hourly (E h ) because of its high dependence on changes in climatic conditions, especially irradiance, during the day (cf. Jones and Higgs 1982) . Stomata of young peach fruits are able to regulate tissue water loss (Chalmers et al. 1983) ; however, peach stomata become dysfunctional during Stage III of growth (Chalmers et al., 1983) . Thus, we assumed that fruit stomata were unable to regulate transpiration in our model. Nguyen-The et al. (1989) showed that cuticular microcracks are sometimes plentiful on peach skin. Their number increases with fruit size, increasing the skin's permeability to water (Nguyen-The, personal communication). Walsh et al. (1989) showed that skin permeability to water increases markedly during the final swelling of peach fruit. The model uses fruit weight as a surrogate term to account for this size--permeability relationship. The hourly transpiration per unit area of skin was computed as a function of fruit mass and global solar radiation (GR in MJ h
) defined as the solar irradiance received on a horizontal surface at a height of 2 m:
where E hmax and β are parameters that were statistically estimated by Huguet and Génard (1995) . The parameter E hmax can be interpreted as the maximum hourly transpiration per unit area of skin and β is the relative hourly transpiration when GR is close to 0 (W is always greater than zero). Daily transpiration (E, g day
) was computed as:
where A is the skin area (cm 2 ) of a spherical fruit, computed from:
where D is fruit diameter (cm) and p 1 and p 2 are parameters.
Solution flow
The model assumes the existence of a maximal flow (F max ) that is determined by the restricted cross-sectional area of the peduncle vasculature supplying the fruit. Solution flow is considered to increase with increasing plant water potential and to decrease with increasing fruit water potential, as has been found for xylem flow, although it is recognized that phloem flow toward the fruits is a more complicated process than xylem flow (Lang et al. 1986 ). According to Bussières (1994) , fruit water potential depends on both the osmotic potential of its cells, which is usually inversely related to fruit sugar concentration, and pressure potential caused by the resistance of tissues to deformation. The sugar concentration increases with fruit transpiration per unit weight and with fruit weight (cf. Chapman et al. 1991 , Génard et al. 1991 , Pavel and DeJong 1993 , whereas the pressure potential seems to increase with fruit size (Bussières 1994) . The plant water potential is assumed to be inversely proportional to MDS. Thus, the model assumed that solution flow: (1) has a maximal value F max , (2) increases with fruit weight (W) and with transpiration per unit weight (E w ), because W and E w cause a decrease in the osmotic potential of the fruit, (3) plateaus when fruit size is large, when the fruit pressure potential compensates for the decrease in osmotic potential, and (4) decreases with MDS.
Based on the foregoing assumptions, the flow was computed by means of the following empirical equation:
where A i are empirical functions of the effect of water stress on daily solution flow (F), a i , b i and F max are parameters estimated statistically, and MDSo is a calibration parameter related to the trunk characteristics of the tree and calculated as the mean MDS at the beginning of Stage III during sunny days when water supply is unlimited. The product WE w is equal to fruit transpiration (E), which is an important stimulator of fruit growth in the model (cf. Chalmers et al. 1983 ).
Materials and methods
Data used to set the model parameters and test the model were obtained from five four-year-old ''Dixired'' peach trees growing in containers at Montfavet INRA Centre in Southern France. The experimental design has been described by Huguet and Génard (1995) . Briefly, the fruits on the trees were thinned to about 20 per tree. Three trees were well watered by trickle outlets from May 28 to June 30 and the other two trees were subjected to water stress by withholding water from June 8 to 11, and then limiting the water supply to 25% of the quantity supplied the well-watered trees from June 16 to 30. Five fruits were selected on a tree from each treatment and their initial diameters measured and the changes in diameters continuously recorded from May 28 to June 27 by means of a linear variable differential transformer and converted to fresh fruit weight (g) using the equation W = p 1 D 1 ⁄p 2 (Huguet and Génard 1995) . These data were used to calculate mean daily growth rate and mean weight of the fruit in the well-watered and water-stressed treatments. The MDS/MDSo ratios of the two trees studied were obtained from trunk measurements made with a specific linear variable differential transformer. Air temperature and global radiation were obtained from the weather station located near the experimental plot. These data, except the last four measurements of daily growth of fruit in the well-watered treatment when growth had stopped, were used to estimate the adjustable parameters (θ) in Equation 8 linking F to E and MDS/MDSo.
Let f i be a nonlinear equation, we have
where GR, T, MDS and W are measured inputs and P i are a priori fixed parameters.
Parameter values used for model construction are presented in Table 1 . Parameters required for computing respiration were deduced from the results of DeJong and Goudrian (1989) , and the parameters required for the estimation of transpiration were obtained from data presented in Huguet and Génard (1995) . The daily growth rate curve was fitted with the non-linear procedures of the Splus statistical package (Chambers and Hastie 1992) .
The growth of fruits not used for parameterization was studied between June 4 and 30 on 49 and 25 fruits from the well-watered and water-stressed trees, respectively. Fruit diameter (D, cm) was measured twice a week and converted to fresh fruit weight.
The model was tested by comparing growth simulated by the model to: (1) the mean growth of the five fruits used for model parameterization; (2) the mean growth per tree of the fruit not used for parameterization; and (3) the individual growth of fruit not used for parameterization. The goodness-of-fit of the model was measured as recommended by Kvålseth (1985) by:
Results

Solution flow parameterization
Climatic inputs, fruit weight and the MDS/MDSo ratio were all good predictors of daily growth rate of fruits (R 2 = 0.77). Solution flow computed by the model was similar to solution flow calculated from the data (R 2 = 0.95). Solution flow increased with calculated transpiration and leveled off at different transpiration rates depending on the value of the MDS/MDSo ratio (Figure 2 ). Solution flow was less sensitive to water stress at low transpiration rates than at high transpiration rates (Figure 2) .
Simulations
Fruits used for parameterization There was close agreement between measured fruit weights and the model outputs (Figure 3 , R 2 = 0.98 and 0.99 in the well-watered and water-stress treatments, respectively). The model correctly simulated the differences between water-stressed and well-watered conditions, but the simulated fruit weight in the well-watered treatment did not level off as quickly as the observed values. The variations in simulated growth rate of fruit in the water-stressed treatment followed the observed data fairly well (R 2 = 0.6), but discrepancies were noted when stress occurred early (Figure 3) . When the last 4 days of measurements were excluded because fruit senescence had begun, the variation in simulated growth rate of fruit on well-watered trees followed the observed data fairly well (R 2 = 0.63).
Fruits not used for parameterization The model simulated the mean fruit growth curves per tree fairly well both for trees used for the model development and for independent trees (Figure 4) . The model distinguished between growth curves of fruits from well-watered and water-stressed trees, except for the tree having the lowest initial fruit mass. These differences between trees agreed with field measurements (Figure 4) . The agreement between observed and simulated growth of individual fruit was reasonable for fruit from trees used for the model development and for fruit from independent trees ( Figure 5 ). The coefficient of determination calculated from individual size measurements made on the populations of fruits grown in the well-watered and water-stress treatments, both on trees used for model development and for independent trees, were close to each other (0.78 to 0.85). These coefficients computed for each individual fruit were higher than 0.5 for 74% of the fruits. Classifying growth curves with respect to the mean value for the treatment (above, around and below the mean) was accurate for 90% of fruits. There was reasonable agreement between observations and simulations for mean, variance and distribution of fruit weight at harvest (considered to occur when weights were maximum during the period of simulation) (Table 2 and Figure 6 ).
Sensitivity analysis
In each of the sensitivity analysis simulations, only one input variable was changed at a time. The reference condition corresponds to June with uniform climatic conditions. Global radiation was set to 1.5 MJ h −1 m −2 throughout the day and to 0 MJ h −1 m −2 during the night. The temperature and the initial peach weight were set to 21 °C and to 50 g, respectively. A high rate of water supply was chosen with an MDS/MDSo ratio equal to 1. The variation in solution flow and its partitioning to transpiration, respiration and growth is presented in Figure 7 for the reference condition. The solution flow increased gradually and leveled off at 29 g day −1
. Absolute growth rate first increased with transpiration, then decreased when the solution flow reached its maximum and transpiration continued to increase.
Fruit growth respiration was more important than fruit maintenance respiration. The rate of total fruit respiration was negligible compared with the rates of fresh weight growth and fruit transpiration.
Initial fruit weight
Simulations performed with different initial fruit weights emphasized the importance of this value in determining the pattern of the growth curve and fruit weight at harvest (Figure 8 ). When the initial fruit weight was high or average, the solution flow quickly reached its maximum and cumulative growth leveled off at 230 g. When the initial weight was low, the growth rate increased constantly because the solution flow increased faster than transpiration, but the fruit never grew very large because solution flow was limited (Figure 8 ).
Global radiation
We simulated the effect of global radiation on fruit growth. Fruit weight at harvest increased with global radiation up to 1.
, and decreased gradually with higher global radiation (Figure 9 ). At low global radiation the solution flow was too low, and at high global radiation losses to transpiration were too high to enable full fruit growth. We also simulated the effect of global radiation change during Stage III of fruit Figure 6 . Observed and simulated probability densities of fruit weight at harvest for well-watered (I) and water-stressed (S) trees. Trees used for model development and independent trees are denoted as (A) and (B), respectively. ). Conversely, a high global radiation increased the growth rate (+65% for an increase of global radiation from 1.5 to 2.5 MJ h −1 m
−2
). Late in Stage III, the effect of global radiation on growth rate was inverted (+200 versus −140%, respectively, for the above changes in global radiation). Early in Stage III, the fruit was small and the flow increased with global radiation faster than water losses by transpiration. Late in Stage III, the fruit was large and flow reached its maximum but transpiration still increased with global radiation.
Severity of water stress and time of occurrence
Fruit weight at harvest decreased with increasing values of the MDS/MDSo ratio, with a drop from 1.1 to 3 corresponding to a large decrease in solution flow. An increase in the MDS/MDSo ratio above 3 had less effect on fruit growth (Figure 10 ). During the early stages of fruit development, water stress had little effect on fruit growth, whereas late in Stage III when transpiration was high a drought-induced decrease in solution flow had a dramatic effect on fruit growth (Figure 10 ).
Discussion
We used a classical physical approach to water flow as a framework to construct a semi-mechanistic model of fruit growth. Although our model was more sophisticated than that of Judd and McAneney (1987) , in which kiwifruit either expand at a maximum rate if plants are well watered or not at all if water is limiting, it was based on crude assumptions for representing the fruit and the solution transfers into and out of the fruit. As in Lee's model (Lee 1990) , we considered the fruit as a single compartment receiving a solution flow by its peduncle and losing water by transpiration through its skin. Although respiration is physiologically important, the loss of matter by respiration is negligible compared with water losses by transpiration. Unlike Lee's model (Lee 1990) , we considered that the solution flow received by the fruit and water loss per unit surface area varied in time. Although our model does not account for xylem back-flow, the process by which water is withdrawn from the fruit to other parts of the plant (Lang and Thorpe 1989, Lang 1990) , the daily solution flow calculated in the model is the balance between the daily flow into the fruit and the daily back-flow. This balance was positive for peach fruit over a large range of intensities of water stress (Huguet and Génard 1995) , as implicitly considered in Equation 8. The close agreement between simulated and field data indicates that the model was able to account for the observed variation in growth among fruits. However, the robustness of the model has not been rigorously tested because the validation data and the data used to set the parameters were collected under similar environmental conditions.
In our model, variation in daily solution flow into the fruit appeared to be controlled by the water potentials of the fruit and the plant. The model assumed that the variation in fruit water potential was partly determined by fruit transpiration and, thus, that the demand for water and soluble matter by the fruit was partly generated by fruit transpiration. This hypothesis is inconsistent with the results of Johnson et al. (1992) who found that tomato fruit water potential remains relatively constant, and concluded that transpiration does not affect fruit water potential significantly. However, the physiology of tomato fruit is probably different from that of peach fruit, because peach cuticle is ten times more permeable than that of tomato (Nobel 1975) . Johnson et al. (1992) estimated that the water transpired by tomato fruit represented 10.5% of the volume flow into the fruit, whereas the value was 70% for our peach fruit. Flow into the fruit is probably regulated differently depending on what fraction of the volume flow is used for transpiration. Our hypotheses are consistent with the observations of Creasy and Lombard (1993) who found no change in fruit growth when transpiration was reduced by bagging the fruits. Thus, for well-watered trees (MDS/MDSo = 1), the model predicted almost no variation in fruit growth when transpiration decreased from 20 to 10 g fruit −1 day −1
; i.e., a decrease in transpiration induced an equivalent decrease in solution flow into the fruit. Fruit often reacts this way in the field on cloudy days.
Our simulations indicated that there was an optimal global irradiance (1.
) for fruit growth, below which solution flow into the fruit is too slow, and above which water losses by transpiration are too high for the fruit to grow large. In the model, the reduction in solution flow with decreasing global radiation is the result of a decrease in transpiration. However, low global radiation can also impair fruit growth by restricting assimilate availability. The optimum global radiation corresponds approximately to the saturating irradiance below which peach leaf photosynthesis increases and above which it levels off (DeJong 1983 , Higgins et al. 1992 . Thus, global radiation might act on solution flow by affecting fruit transpiration and leaf photosynthesis, the former acting on fruit demand (through regulation of water potential) and the latter on fruit supply by the tree. Because our experiments were performed under fairly high global radiation on trees having a high leaf to fruit ratio, photosynthesis probably did not restrict fruit growth. Increasing the global radiation early in the season increased solution flow more than transpiration rate resulting in an increased growth rate. The opposite behavior was noted late in the season when fruit skin area was large enabling a high rate of transpiration, and the solution flow was restricted to F max . The effects of global radiation on fruit growth varied with the growing season because they were fundamentally related to the nonlinear relationship between the solution flow and fruit transpiration. According to our simulations, a slight limitation of water supply (MDS/MDSo ≈ +1.1 to 2) had a strong impact on fruit growth, which might be the result of the high sensitivity to water stress during Stage III of peach fruit growth (Li et al. 1989) . The negative effect of drought on fruit growth was small during the early stages of fruit development and large during the later stages of fruit development. A drought during the later stages of fruit development had a strong impact because water stress greatly decreased solution flow into large fruit. At the end of fruit development, most of the growth is due to cell enlargement (Scorza et al. 1991) , which is very susceptible to inhibition by water stress (Hsiao 1973, Begg and Turner 1976) .
The simulated growth curves were sensitive to initial fruit weight (cf. Davis and Davis 1948, Batjer and Westwood 1958) . These authors found a good correlation between the weight of peach fruit measured early and at harvest in well tended orchards. Simulated fruits with low initial weight levelled off later than fruits with a high intial weight as has often been observed in the field for slow growing fruits.
The sensitivity analysis showed that in the range of commonly encountered values of initial weight and global radiation, there is weak variation in fruit weight predicted at harvest. Nevertheless, the model predicts a large decrease in fruit weight at harvest only for fruit having a low initial weight (40 g) and receiving low global radiation (1 MJ h −1 m
−2
). In contrast, small differences in water stress had a large effect on fruit weight, especially when applied during the two weeks before harvest.
We conclude that fruit growth can be simulated by simple laws of solution transfer into and out of the fruit without reference to requirements for metabolic inputs by the developing fruit or to hormonal regulation. Our model could be applied to other species with fleshy fruits having high transpiration rates, whereas fruit growth of species having low transpiration rates, e.g., in tomato, may be better simulated by resistance models in which water import into the fruit is mainly controlled by the resistances along the transfer pathway, which depends on fruit radius (Bussières 1994) .
